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1.  Forward 

Interrogation  of  nano- scale  structures  is  a  challenging  task  when  performed  with  electromagnetic 
waves  because  of  the  large  discrepancy  between  the  length  scale  of  the  propagating  wave  (on  the 
order  of  microns  and  larger)  and  the  nano-features  under  study.  On  the  other  hand,  benefits  of 
such  approach  are  too  large  to  ignore,  among  which  are:  non-invasive  and  in-situ  assessments.  In 
this  project,  we  applied  spectroscopic  tools  at  the  terahertz  (THz)  and  infrared  (IR)  ranges  to 
study  nanoscale  structures. 
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4.  Statement  of  the  problem  studied 


Single  Wall  Carbon  Nanotube  (SWCNT)  have  been  the  subject  of  intensive  studies  in  recent 
years  owing  to  their  potential  applications  in  areas  such  as,  electronics,  optoelectronics, 
mechanics,  biochemistry  for  both  civilian  and  military  use.  However,  only  a  few  reports  have 
been  made  on  their  THz  characteristics. 


Fig.  1.  Left:  Structure  of  SWCNT.  Right:  Transmission  Electron  Microscope  (TEM)  picture  of 

a  bundle  of  SWCNT 

Photonic  crystals  have  been  the  subject  of  intense  investigations  as  well  owing  to  their 
electromagnetic  confining  properties.  These  properties  stems  from  its  periodic  structure  which  is 
on  the  wavelength  scale. 


Fig.  2  Synthetic  opal:  colloidal  version  of  photonic  crystal 


Our  goal  is  to  combine  these  two  systems  into  one  and  characterize  them  via  Raman  and  THz 
spectroscopy. 
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Fig.  3.  SWCNT  within  colloidal  photonic  crystal 

5.  Summary  of  the  most  important  results 
5.1  Raman  Spectroscopy 

Raman  spectroscopy  is  a  widely  used  technique  for  the  characterization  of  solids  by  their  optical 
phonon  frequencies  [1].  Surface-Enhanced  Raman  Scattering  (SERS)  is  a  modified  version  of 
this  technique;  the  usually  weak  signal  of  a  non-resonant,  spontaneous  Raman  line  is  amplified 
via  coupling  of  the  Raman-active,  optical  phonons  with  localized  electric  fields.  The  probed 
molecule  or,  solid  is  adsorbed  on  a  rough  metallic  silver,  gold  or,  copper  surface  in  order  to 
enable  such  amplification  [2].  A  large  local  electric  field  is  induced  in  the  metal  layer  when  the 
surface  is  comprised  of  sharp  features,  and  a  local  signal  amplification  of  up  to  six  orders  of 
magnitude  is  typically  measured  and  predicted  by  simulations  [3,4].  Another  method  of  inducing 
local  charge  fields  is  through  surface  charge  waves  (surface  plasmons)  where  momentum 
conservation  is  achieved  by  means  of  a  grating  [5].  Here  we  present  angular-dependent  back- 
reflection  data  from  bundled  single-wall  carbon  nanotubes  (SWNT)  deposited  on  silver  and  gold 
coated,  ordered  array  of  silica  spheres.  The  Raman  spectra  of  SWNT  are  now  well  understood  to 
be  resonance-enhanced  via  van  Hove  singularities  induced  by  their  one-dimensional  electronic 
states.  Conventional  SERS  results  for  SWNT  have  been  reported  on  random  silver  particles  [6- 
9],  but  interactions  with  a  periodic  metallic  surface  in  SERS  experiments  are  unknown,  and 
especially  when  they  are  coupled  with  resonantly  enhanced  Raman  scattering  from  van  Hove 
singularities  in  the  electronic  density-of-states. 
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Fig.  4.  Single  wall  carbon  nanotubes  on  a  silver-coated,  ordered  array  of  200  nm  silica  spheres 

(opal) 


Fig.  5.  Comparative  Raman  spectra  from 
SWNT  on  various  substrates.  Note 
signal  enhancement  when  deposited  on 
silver  coated  opal. 

5.2  THz  wave  Spectroscopy 


Frequency  Shift  [cm'1] 


Fig.  6.  SCWNT  on  silver-coated,  order  arrays 
of  silica  spheres:  the  effect  of  sphere’s 
diameter 


The  concept  of  enhanced  interactions  between  charge  carriers  and  local  electric  fields  can  be 
extended  to  the  THz  range.  In  our  ongoing  work  in  THz  technology,  we  have  shown  that  sharp, 
singular  features  in  THz  radiator  structures  show  an  enhanced  localized  emission  of  THz 
radiation  with  higher  total  power  than  is  possible  with  standard  structures  [reference].  One  of  our 
fabricated  structures  is  shown  in  Fig.  7a.  The  sharp  feature  in  the  antenna  structure  leads  to  larger 
time-dependent  currents  in  the  structure's  photoconductive  gap  region  and  consequently  more 
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intense  THz  radiation.  In  other  ongoing  work,  we  have  shown  [12]  that  small  metallic  structures 
(apertures  in  metallic  films)  have  an  enhanced  evanescent  electric  field  in  the  immediate  vicinity 
of  the  structure.  The  enhanced  evanescent  field,  as  shown  in  Fig.  7b,  has  been  incorporated  into  a 
novel  near-field  THz  probe  with  a  state-of-the-art  spatial  resolution  of  7  microns  in  the  THz 
range. [13] 


Fig.  7.  (a)  Photograph  of  THz  generating/  detecting  structure.  The  bright  features  are  gold  on  top  of  an  epilayer 
of  low-temperature  GaAs  (LT-GaAs)  which  acts  as  a  fast  photoconductive  switch.  The  sharp  features  of  the 
structure  concentrate  the  local  electric  field  leading  to  enhanced  THz  transmission,  (b)  Simulation  of  the  THz 
electric  field  amplitude  .  Note  the  concentration  of  the  evanescent  electric  field  in  the  immediate  vicinity  of  the 
aperature. 


Such  antennas  were  used  in  our  visible  pump/THz  probe  spectroscopy  to  study  the  underlying  physical 
processes  of  carrier  transport  within  nanostructures  such  as  SWCNT.  Our  THz  experimental  setup  is  shown  in 
Fig.  8.  From  the  change  in  the  sample’s  far-infrared  transmission  subsequent  to  photo-excitation,  carrier 
dynamics  such  as  inter-valley  scattering,  mobility,  carrier  relaxation  times,  and  mean-free-path  can  be  deduced. 


Fig.  8.  Experimental  configuration  of  "standard",  visible  pump/probe  THz  spectroscopy.  A  second  harmonic 
generation  module  can  be  used  to  generate  blue  light  for  photoexcitation  of  nanocluster  films. 
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Such  spectroscopic  system  was  applied  to  SWCNT  and  the  differential  transmission  was  measured  (Fig.  9).  The 
use  of  a  non-contact  visible  pump-THz  probe  technique,  the  differential  THz  spectra  of  SWCNT  and  ion 
implanted  Si  nanoclusters  exhibited  the  existence  of  photoinduced  states.  A  photoinduced  free-carrier  Drude  or 
Drude-Smith  model  was  not  consistent  with  the  magnitude  of  the  transmission  value  changes.  A  better  fit  was 
obtained  when  incorporating  Lorentzian-like  discreet  states.  The  SWCNT  data  was  consistent  with  a  single 
Lorentz  state  in  the  measured  frequency  range.  The  flatness  of  the  ion-implanted  Si  nanocluster  spectra 
indicated  either  the  presence  of  a  broad  Lorentz  state  in  the  0.2-0. 7  THz  range  or,  the  presence  of  a  much 
broader  Lorentz  peak  outside  of  our  spectral  range  [14]. 


Fig.  9.  Differential  THz  transmission  of  SWCNTs  on  quartz  substrates.  The  two  curves  are  taken  from  two 

different  sample  locations. 
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